Based on the working characteristic of the engine and the generator, a coordination control strategy of Auxiliary Power Unit (APU) is studied for a rangeextended electric vehicle (RE-EV). A regulating rule of APU control system speed and torque which meets the power demand considering battery state of charge (SOC) of the RE-EV is designed. The PID and feedforward PID control methods of engine speed are discussed by simulation analysis, and the particle swarm optimization is adopted to optimize the PID parameters. The simulation results show that the feedforward PID control can stabilize the speed to 1600r/min in 1.5 seconds, and the overshoot can be ignored. In order to investigate the APU control processing, the incremental PID and feedback PID control algorithms are used to achieve speed control in the APU test bench. The influence on control period and the working condition are analysed from test results. The coordination control strategies of engine and generator are realized and verified by experimental research.
Introduction
Range-extended electric vehicle, is a feasible solution to improve the range of electric vehicle and to extend the battery life [1] . Due to the flexible module design and high power density, the APU is especially appropriate to urban traffic [2] .
APU works following the power requirement of electric vehicle complicated work conditions and satisfied the battery SOC energy state [3] . How to manage energy distribution among the units of APU system to keep the high work efficiency is the problem demanding prompt solution [4] . The control strategies considering the power energy distribution are in great demand in APU system design in recent research. For example, In Ref. [5] , taking the power demand as input, the fuzzy controller is used to determine the engine speed and torque with the highest fuel economy, and the efficient operation point control of APU is realized. In Ref. [6] , an APU control method based on linear variable parameter robust controller is proposed, which realizes the stable control of the output voltage of the APU composed of the diesel engine and the three-phase uncontrolled rectifier, effectively restraining the load mutation to the engine speed and the influence of current generation. However, the overall considerations of whole APU unit power energy distribution and the coordination control strategy focus on engine-generator common high efficiency work zone based on the experimental research are not completed involved in related fields.
The APU system studied in this paper is composed of the engine and generator coupling which can be used as a stand-alone on-board unit in RE-EV. The APU controller can communicate with vehicle controller by CAN bus and control the operating modes of engine and generator to satisfy the RE-EV condition and power demands, as shown in Fig.1 .
Figure 1 APU system configuration of RE-EV
Based on a certain type of RE-EV bus, according to the vehicle specifications and performance requirements, a series matching calculations and parts design of APU system are carried out to keep the demand of vehicle bus range extended distance. The main parameters of electric bus, the drive electric motor and battery can be referenced in [7] . To satisfy the power requirement of the RE-EV bus, the engine is selected a four-stroke, turbocharged, intercooled highspeed diesel engine with EGR system. The generator is selected a permanent magnet synchronous motor.
APU control strategies design
The design of engine power system wants to consider the engine performance such as load, rotating speed, fuel consumption and emissions. Matching for the generator is based on the power and speed of the engine. The ideal control strategy can be determined by the performance data of engine and generator, also the coordination control of APU speed and torque. For RE-EV, The power management strategy design criteria of APU depend on the RE-EV driving cycle and power demand. For APU generator can be efficient in most operating conditions but the engine fuel efficiency make large changes in different conditions. Main coordination control strategies for APU are focused on optimizing fuel economy of engine and engine work patterns. The optimal operation region of the full engine conditions and working routes of the coordination control on engine and generator is determined in APU energy management strategy [8] .
APU performance optimization control strategy
The objective of APU optimization strategy is to minimize the engine fuel consumption for a given range subject to specific constraints. The optimization strategy is expressed below: T is the total time of the drive cycle.
In extend mode, the battery SOC and RE-EV desired power req P as the reference variables, as shown in Table 1 , the proposed strategy is to use multi-point control of engine based on the optimum fuel economy strategy.
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SOC

Engine speed closed-loop control
In order to realize the vehicle power demand distributed between the battery and the APU, the APU controller needs a quickly and accurately control for output target power. The realization of target power needs to meet the engine and generator target speed and target torque requirement.
The throttle voltage () ut in PID control with feed forward link can be expressed as Eq.3: 
Generator torque control
The vector control technique is used to control the permanent magnet synchronous generator's electromagnetic torque. By changing the coordinate of space vector, the electromagnetic torque equation of permanent magnet synchronous generator is established as Eq.4: 
Engine -generator synchronous dynamic regulation
The design of APU engine-generator coordination control strategy can ensure the rapid startup, the safe shutdown and the fast switching between different operating points of the system.
As shown in Fig.3 , The slope for torque's increase is needed to limit when the transition from point A to point B in full load torque characteristic curve in order to prevent operating point out from the characteristic curve as point C. The motor electromagnetic torque is limited based on the map of the engine throttle opening to prevent the motor electromagnetic torque is too large, the adjustment process is shown in Fig.5 . The throttle output voltage is limited according to the target speed to avoid large overshoot due to the integral accumulation. The control process is shown in Fig.6 . 
APU control algorithms simulation
In the APU control system, generator torque control is based on the control of current, and the response is very fast, while the engine speed can be regarded as the function of the throttle opening and the load, so the speed control can be accomplished by the adjustment of the throttle voltage.
Engine speed control based on PID
Engine speed response curve is used when tuning the PID. The engine speed in response to the throttle can be regarded as a first order approximation model with time-delay, the model can be expressed by Eq.6 :
Where, the first order response feature parameters K 、 T and  can be obtained by processing the response data. And the parameters of the PID controller can be determined by the speed response curve. Tuning equation is as below:
Where  is the proportional scale,
I
T is the integral time; D T is the derivative time. In the actual process of engine speed control, the throttle voltage calculated by APU controller is a noncontinuous, discrete signal, therefore, it is necessary to use discrete PID control algorithm.
After conversion, by making a subtraction from before and after outputs, the incremental PID equation can be obtained as Eq.8:
The incremental PID can simply use three deviations to calculate the output, which can greatly reduce the load of the controller, avoid sudden change of output, and reduce the failure rate.
Engine speed control based on feedforward PID algorithm
Using feed-forward PID method to control the engine speed, the engine's target speed and target torque's corresponding throttle voltage value can be used as the feed-forward throttle voltage value, as shown in Fig.7 . Then, according to the deviation of the engine speed, the throttle voltage value is fine-tuned to accelerate the response speed. The feedforward PID equation can be obtained as Eq.9: 
Comparison between PID control and feedforward PID control simulation results
By building the simulation model of PID control and feedforward PID control, the particle swarm optimization (PSO) algorithm is used to optimize the PID parameters. The optimization process is shown in Fig.8 . Comparisons of simulation results between these two algorithms are done. The simulation results are shown in Fig.9 . According to the simulation results, after PSO algorithm optimization, PID control and feedforward PID control can adjust the engine speed response well: the PID control can stabilize the speed to 1600r/min in 3 seconds, the feedforward PID control can stabilize the speed to 1600r/min in 1.5 seconds, and the overshoot can be ignored. Comparison shows that both PID control can meet the requirements, but the feedforward PID control is superior to PID control in response speed and overshoot.
The experimental research on APU test bench
The APU test bench is constructed, as shown in Fig.10 . According to the simulation results, after PSO algorithm optimization, PID control and feedforward PID control can adjust the engine speed response well. Comparison shows that both PID control can meet the requirements, but the feedforward PID control is superior to PID control in response speed and overshoot. 
APU speed control experiment
The incremental PID control algorithm and feedforward PID control algorithm are used to achieve speed control in the APU test bench. Through the bench test, the effect of PSO-optimized PID control and feed forward PID control were verified, as shown in Fig.11 . According to the test results, the designed two control methods can respond quickly, and stabilize near the set target value. The simulation and test results have good consistency, verifying the accuracy of the simulation model. Compared with PID control and feed forward PID control, the overshoot of feedforward PID control is slightly less than PID control, and it can effectively control the engine speed.
APU power following experiment
In the asynchronous regulation strategy, the APU control can be decomposed into speed regulation and torque regulation. In the speed regulation, the speed need to be quickly and accurately respond to the target speed, and in the torque regulation, the speed required to maintain near the target speed under the torque disturbance, as shown in Fig.12 . 
Conclusions
The basic structure and control principle for APU power system of RE-EV is introduced. Based on the characteristics of urban traffic conditions, the matching on power and selections on parts for the power system of RE-EV is carried on in this paper aiming to improve the power and economy. An effective coordination control strategy in dual-closed-loop way for power system is designed. By Comparing of engine PID and feedforward PID speed control based on fuel economy, the main factors affecting the speed control effect and the optimization algorithm of the control parameters are proposed. The control methods of those strategies are analysed and compared by simulation. The PID and feedforward PID control were compared to obtain the rapid response of APU control and the coordination control strategy is verified in APU test bench by experimental study. The simulation results show that the feedforward PID control can stabilize the speed to 1600r/min in 1.5 seconds, and the overshoot can be ignored. The proposed control strategy can improve the fuel economy and can follow the power requirement both fast and effective.
